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Intracellular calcium (Ca2+) signals are essential for several aspects of muscle development, including myofibrillogenesis—the terminal
differentiation of the sarcomeric lattice. Ryanodine receptor (RyR) Ca2+ stores must be operative during this period and contribute to the
production of spontaneous global Ca2+ transients of long duration (LDTs; mean duration ¨80 s). In this study, high-speed confocal imaging of
intracellular Ca2+ in embryonic myocytes reveals a novel class of spontaneous Ca2+ transient. These short duration transients (SDTs; mean
duration ¨2 s) are blocked by ryanodine, independent of extracellular Ca2+, insensitive to changes in membrane potential, and propagate in the
subsarcolemmal space. SDTs arise from RyR stores localized to the subsarcolemmal space during myofibrillogenesis. While both LDTs and SDTs
occur prior to myofibrillogenesis, LDT production ceases and only SDTs persist during a period of rapid sarcomere assembly. However,
eliminating SDTs during this period results in only minor myofibril disruption. On the other hand, artificial extension of LDT production
completely inhibits sarcomere assembly. In conjunction with earlier work, these results suggest that LDTs have at least two roles during
myofibrillogenesis—activation of sarcoplasmic regulatory cascades and regulation of gene expression. The distinct spatiotemporal patterns of
LDTs versus SDTs may be utilized for differential regulation of cytosolic cascades, control of nuclear gene expression, and localized activation of
assembly events at the sarcolemma.
D 2005 Elsevier Inc. All rights reserved.Keywords: Sarcomere; Skeletal muscle; Ryanodine receptor; Development; DifferentiationIntroduction
In embryonic skeletal muscle, ryanodine receptors (RyR) are
required for intracellular calcium (Ca2+) release events which
are necessary for proper myofibril assembly (Airey et al.,
1993a,b; Takeshima et al., 1994, 1995; Ferrari et al., 1996, 1998;
Li et al., 2004; Harris et al., 2005). RyR mutations in chicken
and mouse suggested that intracellular Ca2+ signals arising from
the developing SR might be essential for myofibrillogenesis.
The avian crooked-neck dwarf mutation is an alpha RyR null0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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Diego, La Jolla, CA 92093-0357, USA.that causes muscular dysgenesis, myofibril disarray, and
muscular degeneration early in development (Airey et al.,
1993a,b). Knockout mice missing RyRs have branched, under
developed, and/or misaligned myofibrils (Takeshima et al.,
1994, 1995; Barone et al., 1998). Ryanodine application to
embryos or cultured myocytes phenocopies the mutant pheno-
type (Airey et al., 1993b; Ferrari et al., 1996, 1998; Ferrari and
Spitzer, 1999), suggesting that the primary role for RyRs in
myofibril assembly is physiological rather than structural.
Therefore, we are interested in characterizing the role of
spontaneous RyR-mediated Ca2+ signals produced during
myofibrillogenesis.
In embryonic Xenopus skeletal myocytes, long duration
Ca2+ transients (LDTs) occur prior to myofibrillogenesis and
have been characterized both in culture and in vivo (Ferrari
et al., 1996, 1998; Ferrari and Spitzer, 1999). Elimination of
LDTs by treatment with 100 AM ryanodine prevents proper
myosin thick filament assembly in part by disrupting
activation of Ca2+/calmodulin-dependent myosin light chain92 (2006) 253 – 264
www.e
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light chain (Ferrari et al., 1998; Aoki et al., 2000). RyR-
dependent signals are also required during myofibrillogenesis
for the proper assembly of actin, titin, and capZ (Li et al.,
2004; Harris et al., 2005).
While evidence to date indicates that LDTs are necessary
for myofibrillogenesis, other Ca2+ signaling events, such as
Ca2+ sparks and fast localized transients (FLTs), may also be
important. Calcium sparks, which have been well character-
ized in embryonic and post-natal skeletal muscle (Conklin et
al., 1999, 2000; Rios and Brum, 2002; Chun et al., 2003), are
extremely brief, highly localized Ca2+ increases arising from
RyR stores. They are believed to be the elementary events of
calcium-induced calcium release (CICR) which are required
for excitation–contraction coupling (ECC). Fast localized
transients (FLTs), on the other hand, have variable durations
and sizes, ranging from 50 to 200 ms and 20 to 50 Am,
respectively. FLTs were initially characterized in rat and chick
myotubes and are independent of extracellular Ca2+ and
electrical stimulation and persist in mice lacking ECC
mechanisms (Flucher and Andrews, 1993). Since the role of
Ca2+ sparks or FLT production during myofibrillogenesis has
not been examined in any system, we began examining
embryonic Xenopus myocytes for sparks, FLTs, or other short
duration Ca2+ events using high-speed laser scanning confocal
microscopy.
Embryonic Xenopus myocytes have a discrete, well-
characterized period during which sarcomeric proteins assem-
ble into mature myofibrils (Huang and Hockaday, 1988; Ferrari
et al., 1996, 1998; Li et al., 2004). While the relationship
between LDTs and myofibrillogenesis has been previously
characterized (Ferrari et al., 1996, 1998), the Ca2+ imaging
experiments in those studies lacked the temporal resolution
necessary to detect shorter events like sparks or FLTs. In order
to fully understand the role(s) of intracellular Ca2+ signals
during terminal differentiation of skeletal muscle, it is
necessary to characterize the spontaneous Ca2+ events occur-
ring during this period. The ultimate goal is to determine which
Ca2+ signals contribute to the regulation of terminal differen-
tiation programs such as myofibrillogenesis, metabolic matu-
ration, expression of acetylcholine receptors and voltage-gated
channels, and so on.
In this study, we used confocal laser line scanning to
detect and characterize short duration Ca2+ signals occurring
before, during, or after the major period of myofibrillogen-
esis. Rather than sparks or FLTs, the primary events we
detected were short duration Ca2+ transients (SDTs) that are
subsarcolemmal, ryanodine-sensitive, independent of extracel-
lular Ca2+, and insensitive to changes in membrane potential.
These SDTs, or other localized RyR signals such as sparks or
FLTs, do not appear necessary for a rapid phase of sarcomere
assembly. On the other hand, two lines of evidence indicate
that LDTs are global cytoplasmic events which prevent
myofibrillogenesis: (1) the onset of sarcomere assembly is
tightly correlated with the end of spontaneous LDT produc-
tion and (2) extending LDTs via caffeine superfusion delays
sarcomere assembly.Materials and methods
Cell culture
Primary myocyte cultures were prepared from neural plate (stage 15)
Xenopus embryos. Dorsal explants containing neuroectoderm and the
underlying mesoderm were divided mid-sagittally and cultured separately in
35 mm dishes containing standard saline using established techniques (Spitzer
and Lamborghini, 1976; Kidokoro et al., 1980; Ferrari et al., 1996). Cells were
allowed to adhere and grow undisturbed for no less than 5 h in standard saline
(117 mM NaCl, 0.7 mM KCl, 1.3 mM MgCl2, 2 mM CaCl2, 5 mM HEPES, pH
7.8). Where noted, cells were plated on dishes coated with matrigel (1:1000,
Becton Dickinson Labware), which increases cell adhesion and accelerates
differentiation.
Calcium imaging
Fluo-4 AM cell-permeant Ca2+ indicator and pluronic F-127 (Molecular
Probes, Eugene, OR), both suspended in DMSO, were applied 1 h prior to
imaging at final concentrations of 2 AM and 0.01% respectively. The final
concentration of DMSO in the loading solution was less than 0.15%.
Immediately prior to imaging, 7–10 volume exchanges with standard saline
were used to remove extracellular indicator. In ryanodine experiments, a final
concentration of 100 AM ryanodine (Molecular Probes) was achieved by
adding 3 E of 100 mM stock dissolved in DMSO to 3 ml cultures. Ryanodine
was reapplied following indicator washout. In experiments requiring zero
extracellular Ca2+, 7–10 volume exchanges with a Ca2+-free saline (117 mM
NaCl, 0.7 mM KCl, 1.3 mM MgCl2, 2 mM EGTA, 5 mM HEPES, pH 7.8)
were used to replace standard saline prior to, during, and after indicator
application. In all Ca2+ imaging experiments, myocytes were imaged within
90 min after indicator washout.
Image acquisition and analysis
Brightfield and fluorescence microscopy was used to select healthy (i.e.
uniformly loaded, normal morphology, etc.) bipolar myocytes. High speed
(1.63 ms/line) argon laser line scans were made parallel to the long axis of the
myocyte using a 40 UPlanApo WI lens (N.A. 1.2) on an Olympus BX61
upright microscope coupled to an Olympus FV300 confocal unit. Unless
otherwise noted, the largest confocal aperture was used to maximize photon
capture and depth of field. Ten separate scanning runs of 16.3 s duration
(10,000 lines) were collected for each cell, separated by 3 min to minimize
phototoxicity. Average fluorescent intensities from each line were then plotted
as a function of time. Analysis was performed using Fluoview v4.1 (Olympus),
Excel, and KaleidaGraph software. For statistical analysis of incidence,
KaleidaGraph was used to calculate unpaired Student’s t tests with equal
variance. For all other parameters, Kruskal–Wallis non-parametric statistics
were applied using Systat. Values less than 0.05 were considered significant,
and values less than 0.001 were considered highly significant.
Immunocytochemistry
Cultures with 100 bipolar myocytes were fixed and processed for
immunostaining. Fixation was achieved by dropwise addition of fixative (80
mM NaCl, 10 mM EGTA, 10 mM MgCl2, 10 mM HEPES, 0.37%
formaldehyde) for three volume exchanges followed by three volume
exchanges of fixative containing 0.1% Triton X-100 detergent. Immediately
following fixation, cultures were washed with 7–10 volumes of TBS solution
(20 mM Tris, 137 mM NaCl, 20 mM HCl, pH 6.7). Cultures were then
processed for immunocytochemistry or stored at 4-C for less than 2 weeks prior
to staining. Cells were blocked in TBS solution containing 1% carnation dry
milk for 2 h at RT. Primary incubation of 1:60 MF20 (Developmental Studies
Hybridoma Bank, University of Iowa) and 1:300 Alexa Fluor 488 phalloidin
(Molecular Probes), for myosin and actin respectively, was performed in the
dark overnight at 4-C followed by a secondary incubation with 1:30 Alexa
Fluor 568 goat anti-mouse IgG (Molecular Probes) for 2 h at RT. In separate
experiments, RyRs were labeled with 1:100 34C (Developmental Studies
N.R. Campbell et al. / Developmental Biology 292 (2006) 253–264 255Hybridoma Bank, University of Iowa) followed by 1:300 Alexa Fluor 488 goat
anti-mouse IgG. Cultures were washed with 5–10 volume exchanges of TBS
after blocking, primary, and secondary steps.
Sarcomere analysis
Myofibrils and sarcomeres in individual cells were analyzed at 600
using the Olympus confocal microscope previously described. Qualitative
scores were assigned to each cell for both myosin and actin assembly based on
sarcomere and myofibril numbers and alignment as previously described
(Ramachandran et al., 2003; Li et al., 2004). Unpaired two-tailed Student’s
t tests were used for statistical analysis.
Cell physiology
Alteration of membrane potential was accomplished by equimolar
substitution of K+ for Na+ in the standard saline according to the Nernst
equation. Intracellular K+ was calculated to be approximately 100 mM based on
a mean resting potential of 80 mV recorded in 4.3 mM extracellular K+
(Spitzer, 1976). Therefore, K+ concentrations of 16.1, 7.4, 4.3, and 0.7 mM
were used to produce resting membrane potentials of 45, 65, 80, and
125 mV, respectively. In superfusion experiments, pulsed 40 mM caffeine in
standard saline was delivered to myocytes cultured on matrigel via a computer-
controlled (LabView v6.1) commercial pinch valve perfusion apparatus
(Warner VC-6). In separate experiments, spontaneous LDTs on matrigel were
characterized and caffeine-induced Ca2+ elevations (i.e. imposed LDTs) on
matrigel were directly monitored via Fluo-4 imaging to verify matchingFig. 1. SDT characteristics during myofibrillogenesis. (A) Time periods examine
assembly curve (based on counts of myosin A band arrays) is shown for the fir
electrically excitable and contractile. High-speed laser confocal scanning was con
during a period of rapid sarcomere assembly, and (3) after the major phase of asse
15–18 h in culture (black trace). (B) Line scanning of a myocyte from 6 h in cultu
The full scan (10,000 lines = 16.3 s) is shown to the right of the cell; note the rapid
cell. Signal intensity (mean intensity for each line) as a function of time for the entir
events. For the trace, fluorescent intensity ( y axis) is in rax pixel units; time bar (x a
variability in amplitudes and durations within a single cell. Middle trace: SDT prod
trace: removal of extracellular calcium does not prevent SDTs. Note the differences i
pixel units; x axis is 2 s.spontaneous and imposed LDTs in terms of frequency, kinetics, and durations
(see Table 3 and Fig. 7A, inset). For controls, myocytes cultured on matrigel
were superfused with standard saline using the same flowrates and valve
openings/closings (i.e. # of wavefronts).
Results
Characterization of short duration transients
Visual inspection of preliminary data sets identified
spontaneous brief elevations of intracellular Ca2+ that were
distinct from sparks, FLTs, or LDTs. We established three
criteria to define SDTs: (1) they are whole-cell events, (2) with
peak amplitudes at least 110% above base line intensity, and (3)
durations less than 6 s. We did not detect sparks or FLTs by
visual inspection.
SDT production in myocytes was characterized during three
distinct developmental periods (Fig. 1A): (1) myocyte polar-
ization and elongation occurring prior to sarcomere assembly
(6–12 h in culture), (2) further elongation during a period of
rapid sarcomere assembly (18–24 h in culture), and (3) after
morphological and myofibrillar maturation (30–36 h in cul-
ture). SDTs were analyzed for incidence, frequency, duration,
and rise time for each developmental period. SDTs observed atd for fast calcium dynamics in cultured Xenopus myocytes. The sarcomere
st 48 h in culture. Myocytes fully differentiate during this period, becoming
ducted during three time periods (boxes): (1) prior to myofibrillogenesis, (2)
mbly is complete. Long duration Ca2+ transients (LDTs) occur during the first
re loaded with Fluo-4, line denotes scanning plane along the longitudinal axis.
nearly uniform fluorescent intensity increase along the longitudinal axis of the
e scan is shown below. The rapid rise and exponential decay are typical of these
xis) is 2 s. (C) Top trace: SDTs produced under normal culture conditions. Note
uction is completely abolished by application of ryanodine [100 AM]. Bottom
n scale, y axis is 150 for top, 100 for the middle, and 500 for the bottom in raw
Table 1
Characteristics of SDTs in developing myocytes
Culture period Cells
(n)
Durationa
(s)
FWHMb
(s)
Rise timec
(s)
Decay timed
(s)
Incidencee
(%)
Frequencyf
(trans/min)
6–12 h 30 2.51 T 0.15 1.36 T 0.10 1.04 T 0.08 1.47 T 0.10 33.33 2.11
18–24 h 30 2.05 T 0.21 1.10 T 0.14 0.75 T 0.09 1.31 T 0.17 10.00 2.86
30–36 h 30 3.09 T 0.54 2.19 T 0.49 1.35 T 0.22 1.74 T 0.36 13.33 0.76
a Time between transient initiation and return to baseline fluorescence.
b Full width (duration) at half the maximum fluorescent intensity.
c Time between transient initiation and maximum fluorescent intensity.
d Time between maximum fluorescent intensity and return to baseline fluorescence.
e Number of cells with SDTs divided by the total number of cells imaged.
f Total number of transients observed divided by the imaging time of cells with SDTs.
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duration, had a rise time of 1.04 T 0.08 s, a decay time of 1.47 T
0.10 s, and full duration at half max of 1.36 T 0.10 s (Table 1;
Figs. 1B–C). These characteristics did not change significantly
for the other two developmental periods, with the exception of
rise time and full duration at half max for the 18–24 h period,
which were 0.75 T 0.09 and 1.10 T 0.14 s, respectively. SDTs
occurred with the highest incidence during the 6–12 h period
as they were detected in 33.3% of all cells analyzed (n = 30).
This incidence decreased in the 18–24 h and 30–36 h periods
to 10.0% and 13.3%, respectively. SDT frequency during the
early time period (2.11 SDT/min) was not significantly
different from the 18–24 h period (2.86 SDT/min) but was
significantly reduced during 30–36 h to 0.75 SDT/min. In
summary, SDTs have similar characteristics throughout the first
36 h in culture but do show a declining trend in incidence and
later in frequency (Table 1).
SDTs are not dependent on DICR or Ca2+ influx
SDT generation could depend on extracellular Ca2+ influx.
This possibility was examined by bathing myocytes in a 0 Ca2+
solution containing 2 mM EGTA for 1 h prior to and during
imaging. SDTs were observed at all developmental time periods
despite removal of extracellular Ca2+ (Table 2; Fig. 1C). When
these SDTs are statistically compared to control SDTs from the
same period, no significant differences are observed with the
exception of the 30–36 h rise time (P = 0.046). A similar trend of
declining incidence and frequency with developmental time was
evident in these experiments as well. In particular, note that theTable 2
Characteristics of SDTs in 0 extracellular calcium
Culture period Cells
(n)
Durationa
(s)
FWHMb
(s)
6–12 hr 30 2.26 T 0.19 1.25 T 0.12
18–24 hr 30 1.80 T 0.13 0.92 T 0.09
30–36 hr 30 1.95 T 0.22 0.87 T 0.48
Measures for each parameter same as described in Table 1 footnotes.
a Time between transient initiation and return to baseline fluorescence.
b Full width (duration) at half the maximum fluorescent intensity.
c Time between transient initiation and maximum fluorescent intensity.
d Time between maximum fluorescent intensity and return to baseline fluorescen
e Number of cells with SDTs divided by the total number of cells imaged.
f Total number of transients observed divided by the imaging time of cells withfrequency for the 30–36 h period falls approximately 75% in
controls (Table 1) or 66% in 0 Ca2+ (Table 2) compared to the
preceding 18–24 h period. We also examined the role of
membrane potential changes during the 6–12 h culture period
using high K+ to depolarize the membrane; this also did not
affect incidence or frequency of SDT production in these cells.
For example, SDTs in 0.7 mM K+ (approximately 125 mV)
had an incidence and frequency of 33.3% and 2.51/min,
respectively (n = 30 cells), while SDTs in 7.4 mM K+
(approximately65mV)were observed in 33.3% at a frequency
of 2.45/min (n = 10 cells).
SDTs are dependent on RyR channels
Myofibril assembly is dependent on Ca2+ release from
functional RyR stores, so we examined whether SDT generation
involved RyR channels. Ryanodine is a highly specific toxin
which completely inhibits Ca2+ release from these channels
when applied10 AM (Meissner, 1986). Application of 100 AM
ryanodine, which blocks LDTs, also inhibits the production of
SDTs (Fig. 1C). In the presence of ryanodine, myocytes did not
generate SDTs during any of the three developmental time
periods (n = 30 cells each). The total imaging time for each
period was equal to controls; for example, in the 6–12 h period,
there were 0/53 expected events (Table 1).
RyR distribution coincides with SDT production
Given that both LDTs and SDTs are dependent on RyR
stores, we examined the distribution of RyRs during myofi-Rise timec
(s)
Decay timed
(s)
Incidencee
(%)
Frequencyf
(trans/min)
0.88 T 0.07 1.42 T 0.13 33.33 1.34
0.58 T 0.06 1.22 T 0.12 20.00 1.61
0.50 T 0.05 1.45 T 0.17 6.67 0.56
ce.
SDTs.
Fig. 2. Peripheral distribution of RyRs coincident with SDTs and myofibrillogenesis. (A) A maximum projection of 90 confocal sections (250 nm steps) from a 34C-
stained myocyte at 48 h in culture. Note the sarcomeric distribution of RyRs throughout the cell; spherical objects outside the cell are non-specific staining of free
yolk inclusions. The horizontal and vertical lines indicate the plane of section for C and D, respectively. Scale bar is 10 Am. (B) A single z slice at 5.5 Am from the
substrate (cell maximum z is 13.5 Am) shows how RyRs are restricted to the subsarcolemmal space. Both RyR stores and sarcomeric proteins are restricted to this
space during SDT production and myofibrillogenesis during the first 48 h in culture. Vertical line is the plane of section for the image shown in E. (C) A vertical slice
along the x axis shows the same pattern as seen in B. This peripheral distribution of RyRs was observed in all myocytes with immature (not shown) or mature striated
34C staining patterns. Vertical scale bar is 10 Am. (D) Cross-section at the location indicated in A. Vertical line represents substrate location in D and E (that is, top of
cell is to left). (E) Cross-section at the location indicated in B.
Fig. 3. SDTs appear localized to the substrate-bound sarcolemma. (A) Full scan
along the longitudinal axis as shown in Fig. 1; focal plane was at the z center
of the cell (+6 Am from substrate) with minimum confocal aperture. No SDTs
were observed with this recording configuration. (B) Same recording
parameters as in A, different cell, where focal plane is near membrane at
the cell – substrate interface. SDTs with normal characteristics are observed in
the subsarcolemmal region. Note in this case how SDTs can be produced
singly or summate into larger events. Units for y axis are raw pixel intensity
for x axis 2 s.
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both the alpha and beta RyR isoforms in frog (Airey et al., 1990;
Olivares et al., 1991) and observed that RyRs are initially
distributed in a diffuse pattern (not shown). This staining
becomes progressively more punctate and linear during
differentiation, eventually culminating in a striated pattern
(Fig. 2A). Confocal z-series analyses indicate that most, if not
all, RyRs are localized to the subsarcolemmal space (Figs. 2B–
E). These observations are consistent with earlier studies from
several groups (Flucher et al., 1993; Takekura et al., 1994;
Flucher and Franzini-Armstrong, 1996; Protasi et al., 1998;
Ward et al., 2001; Takekura et al., 2001).
SDTs occur in the subsarcolemmal space
Because of the peripheral distribution of RyRs, we wished
to determine whether SDTs were localized at the plasma
membrane versus propagating throughout the myoplasm.
Therefore, we line scanned Fluo-4 loaded cells at minimum
confocal aperture (PSF determined with fluorescent beads,
intensity <1% beyond 6 Am) at the sarcolemma–substrate
interface and at half z depth for the cell body (always >6 Am
from substrate). This latter scan is therefore a ‘‘core’’ sampling
of calcium dynamics through the yz (i.e. longitudinal) center of
the cell (Fig. 3). No SDTs were observed in a data set (n = 10
cells/95 scans/32 min total) from which approximately 67
events are predicted (2.11/min * 32 min). In contrast, SDTs
with normal incidence and frequency (22.1% and 1.8 SDTs/
min) were observed when scanning just under the sarcolemma
at the substrate interface (n = 18 cells/131 scans/44.1 min
total). Thus, with this imaging regime, SDTs appear to be
generated at and confined to plasma membrane(s) adjacent to
the cellular substrate. To verify this interpretation, we scanned
myocytes using minimum confocal aperture with high speed
xy clip mode at 3 z levels: substrate (i.e. bottom), z center (i.e.
middle), and dorsal (i.e. top). Using this approach, SDTs can
be detected throughout the cell, but peak intensities are higherat the substrate (Fig. 4A). SDT frequencies and durations were
similar for the different z levels (e.g. for top, mid, and bottom,
frequencies were 3.3/min, 5.1/min, and 2.75/min; n = 9, 7, and
5 cells respectively). Subcellular analyses of z center imaging
runs demonstrate that SDT signals are (1) most intense at the
sarcolemma, (2) can propagate to the nucleus, and (3) are
reduced or absent in the cytosol (Fig. 4B).
LDTs are global cytoplasmic events
Since earlier wide-field calcium imaging studies of LDTs
had no z depth resolution (Ferrari et al., 1996), we conducted
Fig. 4. SDTs traverse the subsarcolemmal space. (A) SDTs can be detected at multiple z levels, including the top and bottom of myocytes. In the outlined myocyte,
note that the SDT peak intensity is considerably higher at the substrate-bound sarcolemma. Scale bar is 20 Am. (B) Subcellular measures of SDT profiles from a z
center optical slice (different cell than in A). Note that two SDTs can be detected using whole-cell (yellow) or subsarcolemmal (blue) averaging, but these events are
buried in the noise in cytoplasmic measures (purple). Note that SDTs can produce nuclear Ca2+ elevations (red) with delayed, but similar, kinetics.
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events or are similarly confined to the subsarcolemmal region.
Time-lapse recording of xy images acquired as coincident
pairs at the sarcolemma and z center focal plane was
conducted with a 0.3–0.5 s acquisition delay between z
slices. Acquisition interval was 10 or 12 s between these
image pairs with a delta z between images >6 Am. The
production of LDTs was always co-incident in both image
planes with nearly identical amplitudes and kinetics (Fig. 5;
n = 9 cells), indicating that LDTs are produced globally
throughout the sarcoplasm.
Inhibition of SDTs does not prevent sarcomere assembly
LDTs occur in Xenopus myocytes during the first 18 h in
culture (Ferrari et al., 1996, 1998). Therefore, ryanodine
[100 AM] was applied from 17 to 24 in culture (ryanodine
blockade is use-dependent, full inhibition of LDTs requires
45–60 min), after LDTs had ceased but during normal SDT
production. Elimination of SDTs during this period resulted
in some myofibril unbundling, but sarcomere assembly was
only slightly affected (Fig. 6). For example, actin and
myosin organization in ryanodine-treated cells fixed at 24
h (n = 208) was only 12.5% and 15.5% lower, respectively,
than control cells (Fig. 6E, n = 187; P  0.01). To
determine if assembly could recover, ryanodine was re-
moved from the bath at 24 h in culture, and cells were fixed
at 48 h in culture (Fig. 6E). Sarcomeric organization in
myocytes given this 24 h recovery period was 29.4% and
32.7% lower (actin and myosin, respectively; n = 80) than
control cells (n = 80; P  0.0001). Since application of
BAPTA or ryanodine from 24 to 48 h in culture does not
disrupt myofibrillogenesis (Ferrari et al., 1996, 1998), we
focused further on the 18–24 h period of rapid assembly
and tested whether application of ryanodine at 20 h was
disruptive. If SDTs are necessary, blockade from 20 to 24
h should decrease assembly by approximately 66% (note
assembly curves in Figs. 1, 7). However, there was nodifference between cells treated with ryanodine from 20–48
versus 24–48 h in culture (Fig. 6F).
LDTs inhibit myofibrillogenesis
Since spontaneous LDTs have significantly different spatial
and temporal properties compared to SDTs and because LDTs
cease prior to rapid sarcomere assembly, we hypothesized that
LDTs might be inhibitory. If so, then truncating or extending
LDT production should lead to left- or right-shifted assembly
curves, respectively. We have found that myocytes cultured on
matrigel only produce LDTs until 12 h in culture (Table 3), and
this is correlated with the sarcomere assembly curve being left-
shifted by 6 h as compared to growth on tissue culture plastic
(Fig. 7A). Interestingly, LDTs onmatrigel are of shorter duration
and lower frequency (25–30 s and 3.5–4/h, n = 89 cells) than
LDTs on TC plastic (84 s and 6/h, Ferrari et al., 1996). While
these temporal correlations support the idea that LDTs are
inhibitory, we used artificial extension of LDT production to
directly test this hypothesis. Myocytes were cultured on
matrigel, and ‘‘matrigel’’ LDTs (30 s duration, 4/h) were
generated between 12 and 18 h via computer-controlled caffeine
superfusion (Ferrari et al., 1996; Ferrari and Spitzer, 1999).
Imposing additional LDTs from 12 to 18 h delays sarcomere
assembly by 6 h (Fig. 7B), suggesting that LDTs prevent
initiation of myofibrillogenesis. However, generating artificial
LDTs not only delays assembly, but can also arrest ongoing
assembly (Fig. 7C). Taken together, the results indicate that
sarcomere assembly can only commence after LDTs cease.
Discussion
We have characterized a novel spontaneous intracellular
Ca2+ event in cultured embryonic Xenopus myocytes that
appears to occur during at least the first 36 h in culture. During
this time, which corresponds to myotome development in vivo,
myocytes become fully differentiated in both their electro-
physiological and contractile properties, that is, they generate
Fig. 5. Spontaneous LDTs are global cytoplasmic events. Paired imaging at substrate–sarcolemma interface (A, B) and cell center focal planes (C, D) at 12 s intervals
with minimum confocal aperture. Contrast for A and C was increased 400% for presentation. B and D are cumulative projections of total intensity. Cell at bottom right
(#2 in A) produced 3 LDTs in both image planes during the 35min imaging run (first and last LDTs unintentionally clipped). Note from the traces that LDTs with similar
kinetics and amplitudes are produced at both locations within the myocyte. Cell 1 was inactive. The z separation between image planes was 12 Am; scale bar in D for all
images is 20 Am; for traces, y is raw pixel intensity and x is min.
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(Spitzer, 1976; Kidokoro et al., 1980; Huang and Hockaday,
1988; Linsdell and Moody, 1995; Ferrari et al., 1996). These
brief spontaneous Ca2+ transients, which we have termed
SDTs, are (1) ryanodine-sensitive, (2) independent of extracel-
lular Ca2+, (3) unaffected by membrane potential, (4) are
subsarcolemmal, (5) coincide with RyR staining, and (6) may
be necessary for myofibrillogenesis.
Sensitivity to ryanodine indicates that SDT production
involves at least one of the known RyR isoforms expressed in
frog skeletal muscle—alpha or beta—which show high homol-
ogy to RyR1 and RyR3 isoforms studied in mammalian systems
(Olivares et al., 1991; Oyamada et al., 1994; Ottini et al., 1996;
Ogawa et al., 2002). The RyR1 isoform is physically coupled to
the DHPR voltage-sensitive Ca2+ channel and is required for
depolarization-induced Ca2+ release (DICR) in adult skeletal
muscle (Block et al., 1988; Flucher and Franzini-Armstrong,
1996; Nakai et al., 1998; Protasi, 2002). The RyR3 isoform is
expressed in various tissues, including embryonic and fetal
skeletal muscle (Sutko et al., 1991; Giannini et al., 1995;
Conklin et al., 1999; Pisaniello et al., 2003), although it can be
detected at low levels in some adult mammalian muscles such
as the diaphragm and soleus (Conti et al., 1996, Murayama and
Ogawa, 1997). The RyR3 isoform is not directly coupled to
DHPRs, but recent studies indicate that its presence may
amplify CICR in embryonic and non-mammalian skeletal
muscle (Yang et al., 2001; Murayama and Ogawa, 2002). Innon-mammalian skeletal muscle, including frog, the beta
isoform continues to be expressed in post-natal muscle
(Murayama and Ogawa, 1992, 2002). Since the RyR antibody
34C recognizes both isoforms, we cannot determine whether
one or both isoforms are localized to the subsarcolemma during
myofibrillogenesis. However, we can conclude that the iso-
form(s) expressed are restricted to the same region where SDT
production occurs, consistent with membrane localization of
developing SR during ECC development in cardiac and
skeletal muscle (review Flucher and Franzini-Armstrong,
1996). Therefore, since myofibrillogenesis in the subsarcolem-
mal space is correlated with development of ECC components
(Ezerman and Ishikawa, 1967; Schiaffino and Margreth, 1969;
Huang and Hockaday, 1988; Takekura et al., 1994), we
hypothesize that the subsarcolemmal distribution of RyR stores
(and hence RyR-dependent Ca2+ signals) is necessary for, and
restricts accumulation of, sarcomeric components to this
region. Specific inhibition of localized signals (i.e. sparks,
FLTs, and/or SDTs), without affecting LDT production, or
conversely production of localized elevations during LDT
blockade, will be necessary to test this hypothesis.
Since SDTs and LDTs are both ryanodine-sensitive, it is
possible that they originate from the same RyR channel
subtype. However, we were unable to differentiate respon-
siveness to reversible RyR inhibitors as neither dantrolene at
its solubility limit nor tetracaine at 500 AM blocked
endogenous SDTs or LDTs (data not shown). In addition to
Fig. 6. SDTs are not required for sarcomere assembly. Normal organization of actin (A, phalloidin staining) and myosin (B, MF20 staining) into sarcomeric arrays at 48
h in culture. Note the tight longitudinal myofibril bundles and transverse alignment of sarcomeres. Scale bar in B is 10 Am.When ryanodine [100 AM] is applied from 17
to 24 h in culture, sarcomere assembly is slightly reduced (C, D). Note that some sections of myofibrils become unbundled and deviate from the longitudinal axis,
sometimes asmuch as 90- as seen in this cell. Scale bar inD is 10 Am. (E) Sarcomeric actin andmyosin assembly in the presence of ryanodine [100 AM] from17 to 24 h in
culture. Cells were fixed and examined at either 24 h in culture or ryanodine was washed out at 24 h and cells were allowed to develop until fixation at 48 h in culture.
Note the moderate decrease in sarcomeric organization at 24 h and that, despite ryanodine washout, assembly does not recover in the following 24 h period. (F) Later
application of ryanodine does not affect sarcomere assembly. Note in comparing columns that a 4 h blockade from 20 to 24 h has no effect on myofibrillogenesis (*P <
0.01; **P < 0.0001).
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developmental persistence, we also did not observe SDTs
triggering or preceding LDT events, suggesting independent
Ca2+ stores for these events. Nevertheless, our data do not
eliminate the possibility that both can be generated from the
same RyR channel/store via differential activation by mod-
ulators or differential amplification by alternative Ca2+ stores.
However, we favor the possibility that the two transient types
arise from different RyR channel types and also hypothesize
that LDTs involve inositol trisphosphate (IP3) receptor stores.
Two lines of correlational evidence support this idea:
photorelease of caged IP3 both in vivo and in culture
demonstrates that IP3 stores are present in Xenopus myocytes
only during the period of LDT production (Ferrari and Spitzer,1999), and whole-mount immunocytochemistry indicates that
IP3Rs are enriched in young myocytes but are down-regulated
and absent in mature myocytes (Kume et al., 1997). Since
SDTs occur approximately 1–5 times per min while LDTs are
produced once every 10 min (Ferrari et al., 1996), LDTs might
arise only when SDTs trigger Ca2+ release from IP3Rs under
favorable ligand conditions. In general, IP3R-mediated Ca
2+
transients are of significantly longer duration than ryanodine-
sensitive CICR events, and IP3 stores have been shown to
mediate slow Ca2+ transients which activate gene expression
in both differentiating and mature skeletal muscle (Estrada et
al., 2001; Powell et al., 2001; Araya et al., 2003; Carrasco et
al., 2003). This supports a simple hypothesis whereby global
LDTs generated during early myogenesis regulate gene
Fig. 7. LDTs inhibit sarcomere assembly. (A) Spontaneous LDT production on TC plastic ends at 18 h (open bar) followed by a rapid phase of sarcomere assembly
(dashed line, open squares). In myocytes cultured on 1:1000 matrigel, LDTs cease 6 h earlier (filled bar) with a correspondingly left-shifted assembly curve (solid
line, filled circles). Inset: the functional role of LDTs was tested using caffeine superfusion (bars) to generate mimic LDTs as assessed with Fluo-4 (trace). These
artificial LDTs were generated after the normal period of spontaneous production. (B) LDTs generated from 12 to 18 h in myocytes cultured on matrigel prevent
sarcomere assembly during the period of imposition, but assembly resumes afterward. Note how these data compare with the curves shown in A and that
significantly more sarcomeres are produced by 24 h after a 6 h train of LDTs. (C) Shorter trains of LDT reimposition (2 and 4 hr) also inhibit assembly. Note that
generating LDTs from 14 to 18 h in culture, 2 h after assembly has begun, prevents further increases in sarcomere numbers.
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membrane-associated events. However, nuclear Ca2+ eleva-
tions have been observed during both SDTs and LDTs, and
these two signals are apparently co-incident during early
myogenesis. It is thus possible that the significant differencesTable 3
LDT characteristics in myocytes cultured on matrigel
Time in
culture (h)
Incidencea
(# active)
Incidence
(% active)
Frequencyb
(#/h)
Durationc
(s)
Cells
(n)
3–6 11 55 3.5 25.5 20
7–11 26 38 3.75 30.6 69
12–16 0 – – – 46
17–18 0 – – – 44
22–26 0 – – – 40
Measures as described in Ferrari et al. (1996).
a Active cells defined as 1 LDT per 30 min; incidence is # active of total
cells imaged.
b Frequency is # of LDTs per unit time in active cells.
c Duration is time between maximum fluorescent intensity and return to
baseline fluorescence.in duration (¨40-fold) and frequency (¨20-fold) between
SDTs and LDTs regulate distinct aspects of gene expression.
This idea is consistent with many studies in neurons and other
cell types demonstrating that spatial and temporal segregation
of Ca2+ signals has functional importance (see reviews Spitzer,
1994; Niggli, 1999; Berridge et al., 2000; Petersen, 2002;
Macrez and Mironneau, 2004).
It is perhaps not surprising that SDT production does not
depend on extracellular Ca2+ since SDTs occur at highest
incidence prior to the development of membrane voltage-gated
Ca2+ currents in these cells (onset at 20–24 h in culture; Spruce
and Moody, 1992; Linsdell and Moody, 1995). These late-
onset Ca2+ currents are due to expression of the DHPR Ca2+
channel, suggesting that, if the alpha isoform (RyR1 homo-
logue) contributes to SDT production, it is not via DICR
resulting from direct coupling to functional DHPRs. Our other
data are also consistent with this interpretation since sponta-
neous SDT production occurs at hyperpolarized membrane
potentials (125 mV), and depolarization to 65 mV does not
alter incidence or frequency. These results are in keeping with
N.R. Campbell et al. / Developmental Biology 292 (2006) 253–264262RyR expression work in dyspedic 1B5 cells, where spontane-
ous events resulting from RyR1 expression are not affected by
partial depolarization or nifedipine (Ward et al., 2001).
The extensive spatial extent (in the xy dimension) and
subsarcolemmal localization of SDTs was unexpected, and it
is this property that most readily distinguishes SDTs from
other short duration, localized Ca2+ events in developing
skeletal muscle (i.e. sparks and FLTs). FLTs were character-
ized in rat, mouse, and chick myotubes using video-rate
microscopy and microfluorometry (Flucher and Andrews,
1993), so our line scan studies lacked the spatial resolution
necessary to capture these events with high probability. We
have observed several FLTs using very high-speed calcium
imaging in the wide-field mode (unpublished data), suggest-
ing that these signals, like sparks, are produced in developing
skeletal muscle from all vertebrate classes. A full character-
ization of spark and FLT production in Xenopus myocytes,
and their potential relationship to myofibrillogenesis, remains
for future study.
SDTs and LDTs both occur prior to the major phase of
sarcomere assembly in these cultures (Fig. 1 and Table 1;
Ferrari et al., 1996, 1998), but SDTs persist after LDTs are no
longer observed. Prior studies involving ryanodine application
or RyR knockouts (Airey et al., 1993a,b; Takeshima et al.,
1994; Ferrari et al., 1996, 1998) could not distinguish which
particular class of RyR-mediated event was essential for
myofibrillogenesis. Our results show that ryanodine applica-
tion after LDTs have ceased does not cause disruption.
Therefore, production of sparks, FLTs, and/or SDTs during
the period of rapid sarcomere assembly (18–24 h on TC
plastic) does not appear necessary. However, these signals
may have significant roles during the prior pre-assembly
period; specific SDT reimposition regimes will be necessary to
test this possibility.
While prior work has suggested that LDTs and other Ca2+
signals facilitate sarcomere assembly, our results using caffeine
superfusion to produce additional trains of LDTs strongly
suggest that LDTs are inhibitory. One possible caveat is that,
unlike endogenous LDTs, caffeine-reimposition could perturb
cAMP/cGMP signaling, although there are currently no data
indicating that these second messenger pathways play a
significant role in myofibrillogenesis. Nevertheless, since
dynamic interactions between cAMP transients and Ca2+
transients have been demonstrated in neurons (Gorbunova
and Spitzer, 2002), this possibility should be addressed in
future studies.
Interestingly, not only do imposed LDTs inhibit the
initiation of assembly, but LDTs reimposed shortly after
normal assembly begins can also arrest ongoing assembly.
However, this inhibition is temporary as sarcomere formation
resumes after imposed LDTs are terminated. In fact, since
significantly more sarcomeres are formed after LDT exten-
sion and since LDTs are produced during the first 18 h in
culture (and probably even earlier in vivo; Ferrari and
Spitzer, 1999), LDTs clearly do not inhibit transcription and/
or translation of sarcomeric genes. Rather, since both LDTs
and SDTs are produced during the early phases of myogen-esis, they may be necessary for myogenic gene expression.
We propose a new assembly model where LDTs have a dual
role: activation of myogenic gene programs and inhibition of
premature macromolecular binding until all the necessary
sarcomeric components have been synthesized for higher
order assembly. In this scenario, LDTs and/or SDTs might
facilitate thin and thick filament (e.g. activation of MLCK)
assembly, but LDTs could prevent premature association of
these components with nebulin, titin, or other template
proteins. As one example, nebulin super-repeats can bind
to both myosin and actin in vitro, but elevated levels of
Ca2+/calmodulin prevent this binding (Root and Wang,
1994); thus, nebulin might only perform a splicing function
in the absence of LDTs. Future work will be focused on
further tests of this new SDT/LDT assembly model,
including determination of the molecular and biochemical
sequelae of LDT reimposition.References
Airey, J.A., Beck, C.F., Murakami, K., Tanksley, S.J., Deerinck, T.J., Ellisman,
M.H., Sutko, J.L., 1990. Identification and localization of two triad
junctional foot protein isoforms in mature avian fast twitch skeletal muscle.
J. Biol. Chem. 265, 14187–14194.
Airey, J.A., Baring, M.D., Beck, C.F., Chelliah, Y., Deerinck, T.J., Ellisman,
M.H., Houenou, L.J., McKemy, D.D., Sutko, J.L., Talvenheimo, J., 1993a.
Failure to make normal alpha ryanodine receptor is an early event
associated with the crooked neck dwarf (cn) mutation in chicken. Dev.
Dyn. 197, 169–188.
Airey, J.A., Deerinck, T.J., Ellisman, M.H., Houenou, L.J., Ivanenko, A.,
Kenyon, J.L., McKemy, D.D., Sutko, J.L., 1993b. Crooked neck dwarf (cn)
mutant chicken skeletal muscle cells in low density primary cultures fail to
express normal alpha ryanodine receptor and exhibit a partial mutant
phenotype. Dev. Dyn. 197, 189–202.
Aoki, H., Sadoshima, J., Izumo, S., 2000. Myosin light chain kinase mediates
sarcomere organization during cardiac hypertrophy in vitro. Nat. Med. 6,
183–188.
Araya, R., Liberona, J.L., Cardenas, J.C., Riveros, N., Estrada, M., Powell,
J.A., Carrasco, M.A., Jaimovich, E., 2003. Dihydropyridine receptors as
voltage sensors for a depolarization-evoked, IP3R-mediated, slow calcium
signal in skeletal muscle cells. J. Gen. Physiol. 121, 3–16.
Barone, V., Bertocchini, F., Bottinelli, R., Protasi, F., Allen, P.D., Armstrong,
C.F., Reggiani, C., Sorrentino, V., 1998. Contractile impairment and
structural alterations of skeletal muscles from knockout mice lacking type
1 and type 3 ryanodine receptors. FEBS Lett. 422, 160–164.
Berridge, M.J., Lipp, P., Bootman, M.D., 2000. The calcium entry Pas de Deux.
Science 287, 1604–1605.
Block, B.A., Imagawa, T., Campbell, K.P., Franzini-Armstrong, C., 1988.
Structural evidence for direct interaction between the molecular compo-
nents of the transverse tubule/sarcoplasmic reticulum junction in skeletal
muscle. J. Cell Biol. 107, 2587–2600.
Carrasco, M.A., Riveros, N., Rios, J., Muller, M., Torres, F., Pineda, J.,
Lantadilla, S., Jaimovich, E., 2003. Depolarization-induced slow calcium
transients activate early genes in skeletal muscle cells. Am. J. Physiol.: Cell
Physiol. 284, 1438–1447.
Chun, L.G., Ward, C.W., Schneider, M.F., 2003. Ca2+ sparks are initiated by
Ca2+ entry in embryonic mouse skeletal muscle and decrease in frequency
postnatally. Am. J. Physiol.: Cell. Physiol. 285, 686–697.
Conklin, M.W., Barone, V., Sorrentino, V., Coronado, R., 1999. Contribution of
ryanodine receptor type 3 to Ca(2+) sparks in embryonic mouse skeletal
muscle. Biophys. J. 77, 1394–1403.
Conklin, M.W., Ahern, C.A., Vallejo, P., Sorrentino, V., Takeshima, H.,
Coronado, R., 2000. Comparison of Ca(2+) sparks produced independently
N.R. Campbell et al. / Developmental Biology 292 (2006) 253–264 263by two ryanodine receptor isoforms (type 1 or type 3). Biophys. J. 78,
1777–1785.
Conti, A., Gorza, L., Sorrentino, V., 1996. Differential distribution of ryanodine
receptor type 3 (RyR3) gene product in mammalian skeletal muscles.
Biochem. J. 316, 19–23.
Estrada, M., Cardenas, C., Liberona, J.L., Carrasco, M.A., Mignery, G.A.,
Allen, P.D., Jaimovich, E., 2001. Calcium transients in 1B5 myotubes
lacking ryanodine receptors are related to inositol trisphosphate receptors.
J. Biol. Chem. 276, 22868–22874.
Ezerman, F.A., Ishikawa, H., 1967. Differentiation of the sarcoplasmic
reticulum and T-system in developing chick skeletal muscle in vitro.
J. Cell Biol. 35, 405–420.
Ferrari, M.B., Spitzer, N.C., 1999. Calcium signaling in the developing
Xenopus myotome. Dev. Biol. 213, 269–282.
Ferrari, M.B., Rohrbough, J., Spitzer, N.C., 1996. Spontaneous calcium
transients regulate myofibrillogenesis in embryonic Xenopus myocytes.
Dev. Biol. 178, 484–497.
Ferrari, M.B., Ribbeck, K., Hagler Jr., D.J., Spitzer, N.C., 1998. A calcium
signaling cascade essential for myosin thick filament assembly in Xenopus
myocytes. J. Cell Biol. 141, 1349–1356.
Flucher, B.E., Andrews, S.B., 1993. Characterization of spontaneous and action
potential-induced Ca++ transients in developing myotubes in culture. Cell
Motil. Cytoskeleton 25, 143–157.
Flucher, B.E., Franzini-Armstrong, C., 1996. Formation of junctions involved
in excitation–contraction coupling in skeletal and cardiac muscle. Proc.
Natl. Acad. Sci. U. S. A. 93, 8101–8106.
Flucher, B.E., Takekura, H., Franzini-Armstrong, C., 1993. Development of the
excitation-contraction coupling apparatus in skeletal muscle: association of
sarcoplasmic reticulum and transverse tubules with myofibrils. Dev. Biol.
160, 135–147.
Giannini, G., Conti, A., Mammarella, S., Scrobogna, M., Sorrentino, V., 1995.
The ryanodine receptor/calcium channel genes are widely and differen-
tially expressed in murine brain and peripheral tissues. J. Cell Biol. 128,
893–904.
Gorbunova, Y.V., Spitzer, N.C., 2002. Dynamic interactions of cyclic AMP
transients and spontaneous Ca(2+) spikes. Nature 418, 93–96.
Harris, B.N., Li, H., Terry, M., Ferrari, M.B., 2005. Calcium transients
regulate titin organization during myofibrillogenesis. Cell Motil. Cytoskel.
60, 129–139.
Huang, C.L.-H., Hockaday, A.R., 1988. Developmentof myotomal cells in
Xenopus laevis larvae. J. Anat. 159, 129–136.
Kidokoro, Y., Anderson, M.J., Gruener, R., 1980. Changes in synaptic
potential properties during acetylcholine receptor accumulation and
neurospecific interactions in Xenopus nerve-muscle cell culture. Dev. Biol.
78, 464–483.
Kume, S., Muto, A., Okano, H., Mikoshiba, K., 1997. Developmental
expression of the inositol 1,4,5-trisphosphate receptor and localization of
inositol 1,4,5-trisphosphate during early embryogenesis in Xenopus laevis.
Mech. Dev. 66, 157–168.
Li, H., Cook, J.D., Terry, M., Spitzer, N.C., Ferrari, M.B., 2004. Calcium
transients regulate patterned actin assembly during myofibrillogenesis. Dev.
Dyn. 229, 231–242.
Linsdell, P., Moody, W., 1995. Electrical activity and Ca++ influx regulate ion
channel development in embryonic Xenopus skeletal muscle. J. Neurosci.
15, 4507–4514.
Macrez, N., Mironneau, J., 2004. Local Ca2+ signals in cellular signaling. Curr.
Mol. Med. 4, 263–275.
Meissner, G., 1986. Ryanodine activation and inhibition of the Ca2+ release
channel of sarcoplasmic reticulum. J. Biol. Chem. 261, 6300–6306.
Murayama, T., Ogawa, Y., 1992. Purification and characterization of two
ryanodine-binding protein isoforms from sarcoplasmic reticulum of bullfrog
skeletal muscle. J. Biol. Chem. 112, 514–522.
Murayama, T., Ogawa, Y., 1997. Characterization of type 3 ryanodine receptor
(RyR3) of sarcoplasmic reticulum from rabbit skeletal muscles. J. Biol.
Chem. 272, 24030–24037.
Murayama, T., Ogawa, Y., 2002. Roles of two ryanodine receptor
isoforms coexisting in skeletal muscle. Trends Cardiovasc. Med. 12,
305–311.Nakai, J., Sekiguchi, N., Rando, T.A., Allen, P.D., Beam, K.G., 1998. Two
regions of the ryanodine receptor involved in coupling with L-type Ca2+
channels. J. Biol. Chem. 273, 13403–13406.
Niggli, E., 1999. Ca2+ sparks in cardiac muscle: is there life without them?
News Physiol. Sci. 14, 129–134.
Ogawa, Y., Murayama, T., Kurebayashi, N., 2002. Ryanodine receptor isoforms
of non-mammalian skeletal muscle. Front. Biosci. 7, 1184–1194.
Olivares, E.B., Tanksley, S.J., Airey, J.A., Beck, C.F., Ouyang, Y., Deerinck,
T.J., Ellisman, M.H., Sutko, J.L., 1991. Nonmammalian vertebrate skeletal
muscles express two triad junctional foot protein isoforms. Biophys. J. 59,
1153–1163.
Ottini, L., Marziali, G., Conti, A., Charlesworth, A., Sorrentino, V., 1996.
Alpha and beta isoforms of ryanodine receptor from chicken skeletal
muscle are the homologues of mammalian RyR1 and RyR3. Biochem. J.
315, 207–216.
Oyamada, H., Murayama, T., Takagi, T., Iino, M., Iwabe, N., Miyata, T.,
Ogawa, Y., Endo, M., 1994. Primary structure and distribution of
ryanodine-binding protein isoforms of the bullfrog skeletal muscle. J. Biol.
Chem. 269, 17206–17214.
Petersen, O.H., 2002. Calcium signal compartmentalization. Biol. Res. 35,
177–182.
Pisaniello, A., Serra, C., Rossi, D., Vivarelli, E., Sorrentino, V., Molinaro, M.,
Bouche, M., 2003. The block of ryanodine receptors selectively inhibits
fetal myoblast differentiation. J. Cell Sci. 116, 1589–1597.
Powell, J.A., Carrasco, M.A., Adams, D.S., Drouet, B., Rios, J., Muller, M.,
Estrada, M., Jaimovich, E., 2001. IP(3) receptor function and localization in
myotubes: an unexplored Ca(2+) signaling pathway in skeletal muscle.
J. Cell Sci. 114, 3673–3683.
Protasi, F., 2002. Structural interaction between RYRs and DHPRs in
calcium release units of cardiac and skeletal muscle cells. Front. Biosci.
7, 650–658.
Protasi, F., Franzini-Armstrong, C., Allen, P.D., 1998. Role of ryanodine
receptors in the assembly of calcium release units in skeletal muscle. J. Cell
Biol. 140, 831–842.
Ramachandran, I., Terry, M., Ferrari, M.B., 2003. Skeletal muscle myosin
cross-bridge cycling is necessary for myofibrillogenesis. Cell Motil.
Cytoskeleton 55, 61–72.
Rios, E., Brum, G., 2002. Ca2+ release flux underlying Ca2+ transients and Ca2+
sparks in skeletal muscle. Front. Biosci. 7, 1195–1211.
Root, D.D., Wang, K., 1994. Calmodulin-sensitive interaction of human
nebulin fragments with actin and myosin. Biochemistry 33, 12581–12591.
Schiaffino, S., Margreth, A., 1969. Coordinated development of the sarcoplas-
mic reticulum and T system during postnatal differentiation of rat skeletal
muscle. J. Cell Biol. 41, 855–875.
Spitzer, N.C., 1976. The ionic basis of the resting potential and a slow
depolarizing response in Rohon-Beard neurons of Xenopus tadpoles.
J. Physiol. 255, 105–135.
Spitzer, N.C., 1994. Calcium and gene expression. Prog. Brain Res. 103,
123–126.
Spitzer, N.C., Lamborghini, J.E., 1976. The development of the action potential
mechanism of amphibian neurons isolated in culture. Proc. Natl. Acad. Sci.
U. S. A. 73, 1641–1645.
Spruce, A.E., Moody, W.J., 1992. Developmental sequence of expression of
voltage-dependent currents in embryonic Xenopus laevis myocytes. Dev.
Biol. 154, 11–22.
Sutko, J.L., Airey, J.A., Murakami, K., Takeda, M., Beck, C., Deerinck, T.,
Ellisman, M.H., 1991. Foot protein isoforms are expressed at different times
during embryonic chick skeletal muscle development. J. Cell Biol. 113,
793–803.
Takekura, H., Sun, X., Franzini-Armstrong, C., 1994. Development of the
excitation–contraction coupling apparatus in skeletal muscle: peripheral
and internal calcium release units are formed sequentially. J. Muscle Res.
Cell Motil. 15, 102–118.
Takekura, H., Nishi, M., Noda, T., Takeshima, H., Franzini-Armstrong, C.,
1995. Abnormal junctions between surface membrane and sarcoplasmic
reticulum in skeletal muscle with a mutation targeted to the ryanodine
receptor. Proc. Natl. Acad. Sci. U. S. A. 92, 3381–3385.
Takekura, H., Flucher, B.E., Franzini-Armstrong, C., 2001. Sequential docking,
N.R. Campbell et al. / Developmental Biology 292 (2006) 253–264264molecular differentiation, and positioning of T-Tubule/SR junctions in
developing mouse skeletal muscle. Dev. Biol. 239, 204–214.
Takeshima, H., Iino, M., Takekura, H., Nishi, M., Kuno, J., Minowa, O.,
Takano, H., Noda, T., 1994. Excitation–contraction uncoupling and
muscular degeneration in mice lacking functional skeletal muscle ryano-
dine-receptor gene. Nature 369, 556–559.
Ward, C.W., Protasi, F., Castillo, D., Wang, Y., Chen, S.R., Pessah, I.N., Allen,P.D., Schneider, M.F., 2001. Type 1 and type 3 ryanodine receptors generate
different Ca(2+) release event activity in both intact and permeabilized
myotubes. Biophys. J. 81, 3216–3230.
Yang, D., Pan, Z., Takeshima, H., Wu, C., Nagaraj, R.Y., Ma, J., Cheng,
H., 2001. RyR3 amplifies RyR1-mediated Ca(2+)-induced Ca(2+)
release in neonatal mammalian skeletal muscle. J. Biol. Chem. 276,
40210–40214.
